ABSTRACT In a 2-yr study, we found no significant relationship between the variation in density and duration of citrus red mite, Panonychus citn (McGregor), populations peaking at >19 adult females per leaf and variation in total yield, size, or grade of lemon fruit. No effects of high mite populations in the first year were evident upon crop yield, grade, or size in the second year. The conventional treatment threshold for P. citn on lemon has been two adult female mites per leaf. These data do not support the premise that growers who observe that threshold are achieving an economic return.
citri reproduction as well (Jones & Parrella 1984a) . Although the treatment threshold of two adult female P. citri per leaf has been recommended for use on all citrus cultivars throughout California for a number of years (Loughner 1980) , only recently has this threshold been critically evaluated (Hare et al. 1990 (Hare et al. , 1992 .
On 'Navel' orange, Citrus sinensis (L.) Osbeck, grown in California's San Joaquin Valley, P. citri populations peaking in excess of 10 adult females per leaf had no consistent deleterious effect upon crop value at harvest. Although overall yield reductions of up to 13% were observed on trees where P. citri populations were not suppressed, yield reductions were accompanied by an increase in average fruit size. Apparently, one important and previously ignored effect of spring P. citri populations on 'Navel' orange is to increase fruit abortion rate so that the remaining fruit reach a larger and more valuable size at harvest (Hare et al. 1990 (Hare et al. , 1992 .
Those studies, which were continued over four successive seasons, have resulted in a major reevaluation of P. citri as a pest on San Joaquin
Valley oranges (Pehrson et al. 1991 limon (L.) Burman, differ from that between P.
citri and orange, it would be premature to extend the results of P. citri on orange to lemon. The relatively indeterminate growth habit of coastal lemons (Reuther 1973) provides the opportunity for P. citri to feed on maturing lemon fruit up to the time of harvest. High mite populations feeding on fruit can cause esthetic damage known as "silvering," which is thought to reduce grade at harvest. There is, however, some controversy as to whether this damage persists to cause economic loss after the fruit ripens fully (Pehrson et aI. 1991) .
Because of their indeterminate growth, individual lemon trees are harvested several times per season, and fruit are picked selectively by size. Only those individual fruit that will not pass through a sizing ring carried by the picker are harvested, usually without regard to color. Small fruit are left on the tree to grow further or finally senesce and drop from the tree. Therefore, the potential effect of mite populations on lemon fruit size might be reduced, relative to orange where all fruit are harvested simultaneously, by size-selective harvesting of lemon fruit.
After picking, fruit are taken to a packing house and washed. A rotating basket dips into the wash tank and picks up two to four fruit on each revolution and dumps them into a small bin. Then, a trained individual determines the size and appearance class of each fruit sampled, and it is upon the size and grade distribution of this sample of fruit, composed of only approximately 0.5% of the total volume of fruit harvested, that the grower is paid. After fruit are washed, they are sorted by color and size; yellow fruit are packed and shipped within 2 wk, while dark green fruit may be stored under refrigeration for up to 5 mo before shipping.
Here, we report the effect of a P. citri population nearly 10 times greater than the conventional treatment threshold of two adult female mites per leaf on total yield, fruit grade, and crop value of commercial lemons. Six harvests were monitored over a 2-yr period to determine the immediate and longer-term effects of feeding by high mite populations on crop variables. In addition, we determined the economic impact of the mite's biological effects on the crop under the economic conditions during the experimental period.
Materials and Methods
Plot Layout. Experiments were done on 120 mature trees in a commercial grove of 'Allen Eureka' lemons on 'citremon' (a hybrid between Poncitrus trifoliata [L.] and C. limon) rootstocks planted during 1974 near Oxnard, CA, and maintained under conventional commercial growing conditions. Trees were spaced at 5.8-m intervals within rows, and rows were 7.3 m apart.
A design using single-tree replicates was employed because this provided the most efficient utilization of the fixed number of trees available to us (Jones et al. 1957) . Experimental trees, each surrounded on all four sides by one buffer tree, were selected from eight adjacent rows. All trees were harvested on 17 March 1989, and the 120 trees providing the most uniform yields were assigned to one of four treatments (30 trees per treatment). Assignments were made to apportion trees uniformly to each treatment within the plot (Fig. 1) , except that some assignments were adjusted to ensure that no significant differences in average tree yield occurred among treatments before initiation to the experiment. Mite Population Densities. Mite densities were monitored at 1-to 4-wk intervals, depending upon density. One five-leaf terminal was selected from each of the four cardinal quadrants of each tree, and all adult female mites were counted and recorded. The mean number of adult female mites per leaf was then calculated from this 20-leaf sample, and the total number of all motile stages was estimated using the regression equation, loge (all mites per leaf) = 1.42 x loge (adult females per leaf) (Jones & Parrella 1984b) . Accumulated mite-days were calculated for each tree as the area under the mite density curve as described in Hare & Youngman (1987) .
Fruit Yield, Size, and Grade. Trees were harvested by a commercial picking crew on 14 September 1989, 16 March, 13 June, and 2 October 1990; and 20 February and 23 May 1991 , and the total volume of fruit, estimated to the nearest VlO of a standard field box (47,950 cm 3 ), was taken from individual trees on those dates.
An interim calculation of mite-days per leaf was made after the 6 September 1989 census, and 16 trees were selected to span the range of mite-days accumulated through that date without regard to treatment. At each harvest, a sample of fruit, composed of one full field box, was taken from each of these trees and was sent to the packing house separately for custom grading. The packing house was reluctant to grade any more fruit for us to avoid unduly disrupting their normal operation. The weight of the fruit was determined during the grading process, and we used the average weights per field box from this 16-tree sample to convert yields from boxes per tree to weight per tree for each harvest. In add i-Vol. 85, no. 5 a Values are net dollars per packed carton to the grower after subtracting the costs of harvesting, packing, and marketing. and sized. Mean fruit size also was subjected to regression analysis to determine if the variation in mean fruit size was related to the variation in mite-days those trees had accumulated. Results of fruit grading (percentage of fruit in each grade class) for these trees were also subjected to regression analyses to determine if the variation in mite-days accumulated by these trees was related to the variation in the proportion of fruit in each grade class. The arcsine square root transformation was applied to all proportions before analysis.
Results and Discussion
Mite Population Densities. Formetanate hydrochloride boosted P. citri populations in both years, relative to untreated trees, although the densities differed substantially between years. During 1989, peak mite densities occurred on 20 September and averaged> 19 adult females per leaf( Fig. 2A) . Peak P. citn densities on untreated trees averaged> 12 adult females per leaf at the same time, and these populations were temporarily reduced by the oil application made the following day ( Fig. 2A) . In 1990, peak mite densities were lower overall, and mite populations developed somewhat later in the season. Peak mite densities occurred in the 31 October census and averaged >2 adult females per leaf on trees treated with formetanate hydrochloride the previous April and slightly> 1 adult female per leaf on trees treated at that time (Fig. 2B) 198~1989 1989 -1990 1990 -1991 1988 -1989 1989 -1990 1990 -1991 198~1989 1989 -1990 1990 -1991 Standard and culls (all sizes) Second tion to reporting total fruit weight, the grader reported the quantity and size distribution of fruit by grade, as well as the total weight of culled fruit per sample. These same trees were used for grade determinations during the 16 March, 13 June, and 2 October 1990 harvests as well.
Before the 20 February 1991 harvest, trees for grade determinations in the two 1991 harvests were reassigned to span the range of mite-days accumulated in 1990. This was done because the harvestable fruit in 1991 were initiated after the 1989 mite population was active.
Crop Value. Because of the variable interval between the time that a lemon crop is picked and when it is completely sold, growers are paid on the basis of average price for each size and grade class calculated from 1 November to the following 31 October. The packing house calculates the size and grade distribution for each grower's total harvest from the size and grade distribution of the fruit sampled multiplied by the total volume of fruit harvested. The resulting number of cartons in each size and grade class are then summed over all harvests made during each marketing year (i.e., 1 November to 31 October), and the grower receives his final payment at the end of the marketing year.
We calculated the value of fruit from each tree at each harvest similarly. The proportion of picked fruit in each size and grade class per tree was calculated by multiplying the total yield per tree by the size and grade distribution of fruit from the 16 trees selected for grade analyses. Because both mean fruit size and grade distribution were independent of accumulated mite-days (see Results and Discussion: Fruit Size and Grade), we were justified in using the averages from the 16-tree sample in these calculations. If this had not been the case, then we would have used the regression equations and accumulated mite-days per tree to calculate crop values. Our methods may actually be more precise than those of the commercial packing house because our size and grade sample was a substantially larger proportion of all fruit picked (up to 15%) than the 0.5% sample taken by the packing house.
We then multiplied our size and grade determinations per tree by whichever price structure was in effect when the fruit were harvested (Table 1). Finally, we determined if the variation in mite-days was significantly related to variation in crop value per tree.
Statistical Analyses. Analyses of linear regression (SAS PROC REG, SAS Institute 1985) were used to determine if variation in mite-days was significantly related to the variation in total yield and crop value among all 120 trees in the experiment. The mean size of fruit actually packed was calculated from the frequency distribution of fruit sizes for the 16 trees where fruit was graded b Regression analyses for this harvest were conducted using total mite-days per tree accumulated through 6 September 1989. a Degrees of freedom testing the regression coefficients were 1 and 14 for all analyses of individual harvests, 1 and 62 for the cumulative 1989-1990 harvest, and 1 and 30 for the cumulative 1990 harvest.
b Regression analyses for this harvest were conducted using total mite-days per tree accumulated through 6 September 1989.
treated with formetanate hydrochloride in 1990 versus 78 ± 11 for untreated trees (F = 30.46; df = 1, 118; P < 0.0001).
Total Yield. In no case did total tree yield decline significantly with increasing mite-days in any individual harvest nor for cumulative b Regression analyses for this harvest were conducted using total mite-days per tree accumulated through 6 September 1989.
Mite-Days yields for the three harvests following mite activity (Table 2; Fig. 3 A and B) . Total tree yields in the 2 October 1990 harvest increased significantly with increasing mite-days accumulated during the fall of 1989, and tree yields taken on 20 February 1991 increased with increasing mite-days accumulated during the fall of 1990 (Table 2 ). The proportion of variance in total yield explained by variation in mite-days was low in both cases, however.
Fruit Size and Grade. The variation in average fruit diameter from the 16 trees selected for size and grade analyses also was always independent of the variation in mite-days those trees had accumulated (Table 3 ). The uniformity of mean fruit sizes was not unexpected because lemons are harvested selectively by size (see Introduction).
Fruit grade also was not adversely affected by mite feeding. The proportion of fruit in the most valuable grades did not decline significantly with increasing mite-days, nor did the proportion of culls increase with increasing mite-days in any harvest. (For simplicity, only the analyses for first-grade fruit and culls are presented in Table  4 .) The proportion of first-grade fruit in the 20 February 1991 harvest increased significantly with increasing mite-days accumulated in 1990, and the proportion of culls declined significantly with increasing 1990 mite-days in this and the cumulative 1991 analyses. These results are opposite to the expectation that mite feeding was adversely affecting grade, and we have no satisfactory explanation. There is no logical reason why mite feeding should improve fruit surface appearance. The rate of culling differed substantially among harvests, but in no case did the grader indicate that the down-grading was the result of citrus red mite feeding. The high rate of culling in the 16 March 1990 harvest, for example, was attributed to overripeness.
Crop Value. Table 1 illustrates the effect of both fruit size and external appearance (i.e., grade) on the value of fruit biomass produced.
The substantially higher prices in 1990-1991 reflect the effect of the severe statewide freeze during 20-30 December 1990 on the lemon crop.
Most southern California coastal areas were little affected by the freeze and benefitted economically from it.
Within harvests, the relationship between the variation in value and variation in mite-days is identical to that for total yield. This is expected, because total tree yields are simply multiplied by a constant to obtain tree values. However, because different constants are used for the different harvests, the pattern of variation in the cumulative crop values over each group of three yearly harvests may differ from the pattern of variation in the sums of total tree yields. In this case, however, the conclusions were identical. The variation in mite-days per tree accumulated in 1989 was independent of the variation in cumulative [1989] [1990] crop value (b = -3.93 x 10-4; Sb = 4.97 x 10-\ df = 1, 118; P = 0.43). Similarly, the variation in cumulative [1990] [1991] crop values per tree were independent of mitedays accumulated both in 1989 (b = 2.46 x 10-3; Sb = 1.62 x 10-3 ; df = 1,117; P = 0.13) and in 1990 (b = 1.83 x 10-3; Sb = 1.37 x 10-2 ; df = 1, 
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Vol. 85, no. 5 minimal effects of P. citn on orange fruit production (Hare et al. 1990 (Hare et al. , 1992 . The absence of an effect of P. citn on average fruit size was not unexpected because lemons are harvested selectively by size. The absence of any effect by mite populations nearly 10 times the conventional treatment threshold in the grade in 1989 is especially noteworthy because of the substantial importance that surface blemishes have upon reducing grade and crop value. Probably our most important result is the absence of an effect of mites on fruit grade during the two harvests closest in time to the peak activity of each year's mite population ( Fig. 4A and B) . Given the minimal biological effects of P. citn on any measured aspect of lemon fruit production, we question if growers who are treating P. citn in accord with the conventional treatment threshold of two adult females per leaf are realizing any consistent, predictable economic benefit.
